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In order to calculate specific impedance of cell-covered electrodes in a Equation of 
morphological parameters of cell per se, an ECIS model of Human Renal Epithelial Cell 
are created by analysis partial differential equations describing three intrinsic pathways of 
electrical currents in the system. Based on this cell model, this research explores how some 
adjustable dimensional parameters of electrode-configuration impact sensor sensitivity by 
changing the overall impedance contribution of electrical double layer. Namely, it includes 
electrode planner area, spacing between working and counter electrode and geometry of 
electrode, scanning frequency. Qualitative studies on how sensor sensitivity rely on 
configurational parameters are conducted with these parameters involved. Moreover, 
theoretical analysis of sensitivity by using equivalent circuit model is also carried out. As 
results of COMSOL simulations, special double layer electrode configurations and 
selectively planted cell monolayer arrangement are proposed regardless of fabrication 
difficulties. Accordingly, some possible strategies to make these arrangements come true 
are also illustrated. Finally, superior possible COMSOL simulation model is suggested and 
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1. Background and Significance 
1.1 Introduction 
180 liters of blood is circulated and filtered in the human kidney, removing toxic substances 
and wastes produced in human system with quite complicated mechanism of filtration, 
absorption and chemical secretion. Therefore, Kidney is one of a most significant organs 
that detox human body and keep it run normally with highly complexity of physiological 
structure. Chronic kidney disease is in the top 10 list of most threatening ailment due to its 
prevalence and severity. In the past recent several years, over 500,000 people live with 
chronic kidney diseases and 200,000 of them had kidney transplanted annually alone in the 
US. And this amount has witnessed an increasing trend in the past years until nowadays.[1] 
This situation has urged the government granting more funds on the medical research on 
the kidney diseases to optimize future treatments on CKD. However, some physiological 
mechanism of human kidney is stilled yet to be discovered. Thus, the responses of renal 
tissues under certain drugs applied on it are desired to be real-time monitored to obtain 
some insightful information for better understanding of those mechanisms and 
development of relevant drugs. It needs led to the demands of sensitive and real-time 
monitoring device, namely, Electrochemical impedance sensing device. Human kidney 2 
(HK2) cell have frequently been used for many years in kidney related research. This cell 
line can easily be transfected and is therefore an important biotechnological tool. This is a 
preliminary research in which theoretical models of renal epithelial cell are conducted in a 
way of equivalent circuit model and incorporated in COMSOL simulations [2]. And the 
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prime goal of research is qualitatively analyzing how the geometry of electrode wafer on 
which the cells reside affect the noisy effect on the overall monitoring signal. This is 
manifested in two ways in this research: the first is the impedance contribution of Electrical 
double layer (EDL) which is the major source of background noises; Second is the 
sensitivity of the device to the residing cells which is essentially the impedance difference 
between the overall impedance value before and after the cells are seeded and the 
monolayer is formed caused by single one cell. In the end, the optimum device design was 
proposed and justified theoretically by COMSOL simulation. 
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1.2 Nephron and Reabsorption 
Nephron is the microscopic Equational unit of the kidney where filtration of toxins and 
wastes take place as a result of blood reabsorption. It consists of tuft of capillaries called a 
glomerulus and an encompassing Bowman's capsule from which the renal tubule extends. 
The human renal epithelial cells (HK-2) build up the epithelium structure of those 
important ducts and Equational units with the help of scaffolding proteins.  
As widely known [1], there are two ways of particle transport happening in the Equational 
unit of kidney. The first one is transcellular transport, which is an energy-consuming 
transport way passing through apical and basolateral against concentration gradient of 
spreading  ions, such as Ca2+ and Mg2+, whereas paracellular transport is a negative 
particle-moving process where particles travel along the osmotic pressure. 
The apical membrane is connected by the tight junction which also insulates it from 
basolateral side of the cell. The major Equational proteins that reside in the TJ are Claudins, 
occludin, junctional adhesion molecules and also scaffolding proteins (zona occludin). 
They are dynamically responsive to the signaling proteins. Typically, all major families of 
G proteins, kinases, phosphatases. Noticeably, the major permeability characteristics are 
defined by unique composition of claudins in the tight junction. Moreover, it is also crucial 
for the disruption and reassembly of tight junction which might happen as a result of injury 
or ailment and corresponding healing progression. However, these mechanisms are still yet 
to be researched and elucidated. 
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1.3 Tight Junction Functionality 
The principal role of the epithelial cell tight junction is the transporter of ions and organic 
molecules against concentration gradient to retain dynamic equilibrium of the laminal fluid 
composition [1]. And this functionality is regulated under various messenger factors and 
implemented by the dynamic changing of some important structural proteins. To be more 
precise, Degree of epithelial permeability is defined by properties of single claudins and 
their complexes and the number of these protein strands seated in the junction cover; 
Inhibition of CK2-mediated occludin S408 phosphorylation elevates transepithelial 
resistance by reducing paracellular cation flux. This regulation requires occludin, claudin-
1, claudin-2, and ZO-1. S408 dephosphorylation reduces occludin exchange, but increases 
exchange of ZO-1, claudin-1, and claudin-2, thereby causing the mobile fractions of these 
proteins to converge. Noticeably, these changing structure and composition of different 
proteins can be assessed by impedance sensing.  
1.4 State of Arts 
In the past a few years, based on other precedent researchers’ achievements [3], TEER 
sensing [4] and ECIS techniques (Electrical cell-substrate impedance sensing) [5] have 
been popular in terms of real-time monitoring of cell or tissue response by impedance 
signal.  
In many other similar researches, EIS (electrochemical impedance spectroscopy),[6] an 
excellent method for the study of electrolyte-electrode interface, is also invoked to the 
impedance sensing and analysis. Frequency scanning is applied in electrical measurements 
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instead of recording impedance data at a single frequency, in most cases, the scanning 
frequency ranges from a few hundred to few mega Hz. Impedance data are used to 
determine the components of equivalent circuit models based on EIS. It is shown that, as 
human renal epithelial cells are cultured on the biosensors, this process can be manually 
calibrated with ECIS and translated into a decreasing time course of an equivalent cell-
substrate gap and any other important physiological parameters that researchers might need 
to monitor. 
However, until now, little researches about the how the background noise can affect the 
accuracy of real-time monitoring have been conducted. In this research, COMSOL 
simulations are carried out to explore those unrevealed questions. Also, characteristic 
numerical model for renal human renal epithelial cells and electrical currents passing 
through cell monolayer is derived and discussed in next chapter.  
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2. Research Strategy  
2.1 Cell Geometry and Characteristic Current Pathways  
Figures 1,2,3 are cited from another research paper to demonstrate cell morphology [6], 
part of the research was on providing in vivo environment for renal cells and cell structure 
per se; this information should be referred in term of setting up corresponding COMSOL 
simulations. 
In Figure 1, from top view, human renal epithelial cells seeded on wafers with all needed 
physiological cues, such as topographic substrate and laminar flows that provide evenly 
distributed shear stress, present continuous ZO-1 with unevenly defined and zig-zag TJ 
border. It is clear that HK-2 cell line size is generally same and even. But, in general, cell 
surface on top view can be viewed as rectangles after geometric simplification. 
In figure 2 and 3, Microvilli growing on the apical side are a noticeable structure whose 
major functionality is helping absorption of water and solute. This brush-like structure is 
miniscule in size and thus ignored when setting up numerical cell models. [7] According 
to the structural and physiological features of human renal epithelial cell (HK-2), a relevant 
geometric model of it is created. In order to simplify the overall model and current 
pathways, the geometry of human renal epithelial cell is assumed to be cuboid whose side 
length is 20 microns; Accordingly, cell monolayer is the array of these cuboids with a 
distance of 0.2 microns between each other, which is a rough estimation according to 
Figure 1; the tight junction is web-like structure linking neighboring cells on the top and 
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having a thickness of 3 microns. Three possible electrical paths, one paracellular and two 
transcellular paths, are demonstrated in Figure 3. 
 
Figure 1 Representative SEM images of for renal epithelial cells with Z0-1 expression 
planted on blank and topographical substrates and subjected to 0, 0.02 or 1.0 dyne/cm2 FSS. 





Figure 2 Major renal epithelial cell type morphology along the tubule. Tubular epithelial 
cells are in direct contact with a BM and are interconnected by TJs that separate the luminal 
compartment from the lateral intercellular space. There is characteristic brush border of 
numerous microvilli on their apical face. These structures allow apical epithelium to 
reabsorb a major fraction of water and solutes from the tubular fluid and secrete various 
organic compounds into the tubular lumen. (Else, et al., 2014) 
 
Figure 3 Three possible current pathways through the monolayer of HK-2 cell; the arrows 
stand for the directions of currents that pass along different routes.  
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2.2 Model Derivation 
2.2.1 List of Symbols 
Table 1 lists all symbols and their units that were used in the numerical model derivation. 
 Table 1 List of symbols used in numerical model derivation. 
Zn ( cm2)     Specific impedance of cell-free electrode 
Zb ( cm2)      Specific impedance of basolateral cell membrane 
Zc ( cm2)               Total impedance of whole system that is directly tested  
Vi (V)  voltage variation across basolateral cell membrane 
Vc (V)                 voltage variation across whole system 
Vl (V)                  voltage variation across cell lateral membrane 
Ii (A/m2)                                   Current passing through basal cell membrane 
Il (A/m2)                 Current passing through lateral cell membrane 
Ic (A/m2)                                  Total current passing through the whole area 
 (•m)                                                                    Electrical resistivity of cell culture media 
h (m)                                     Distance between basal cell surface and electrode surface 
L (m)                                     Cell length  
w (m)   Cell width 
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2.3 Characteristic Current Pathway Equations 
In order to simplify the overall model in terms of geometry and dividing characteristic 
current passages into two separating dimensions that are rejoined later [7], This allows 
undoable calculation can be conducted into 2 steps.  
1)The cells are assumed to have cuboid shape. 
2)The current flows only in parallel in the space between ventral surface of cells and 
substratum. 
3)The current density under the cell does not change vertically. 
4)The potential inside of the cell is a constant. 
𝑉𝑐 − 𝑉 =
𝑍𝑛𝑑𝐼𝐶
𝐿𝑑𝑥











       (3) 
𝑑𝐼 = 𝑑𝐼𝑐 − 𝑑𝐼𝑖      (4) 
Equation 1-4 can be combined to yield the following differential equation: 
𝑑2𝑉
𝑑2𝑥











)      (6) 
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)      (7) 
The general solution of Equation (5) is  
𝑉 = 𝐴 𝑒𝑥 + 𝐵 𝑒−𝑥 +

2
     (8) 
For the inter-cellular lateral path [8], the two equations involved are as following: 
𝑑𝑉𝑙
𝑑𝑍
=  −2𝐼𝑙𝑅𝑙       (9) 
𝑉𝑙 −  𝑉𝑖 =  
𝑍𝑙
(𝐿+𝑊)𝑑𝑍
 (−𝑑𝐼𝑙)                                         (10) 




−  2𝑉𝑙 +  
2𝑉𝑖 = 0                                              (11) 
Solution to this differential equation (11) is: 
𝑉𝑙 =  𝑉𝑖 + 𝐶𝑒
𝑍 + 𝐷𝑒−𝑍                                           (12) 
Where 
 =  √
2𝑅𝑙(𝐿+𝑊)
𝑍𝑙
                                                           (13) 
According to symmetry of cell model, parallel currents on 2 directions are counteracting 
each other, thus, I (x=0) is assumed to be 0; In the first part of model derivation, from 
equation (1-4), currents are assumed to travel horizontally. While in second part, equation 
(8-10), The direction of currents is along Z-direction (going upwards). And (x=w/2) is 
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where the end of current pathway in first part meet the beginning of the one in second part, 
that is why boundary conditions (15-17) is assumed. Finally, it is obvious that total current 
is the sum of currents in 2 existing pathways. Thus equation (18) describes this 
characteristic. 








) =  𝐼𝑙(𝑧 = 0)                                              (16) 
𝐼𝑙(𝑧 = 𝑙) × 𝑅𝑏
∗ = 𝑉𝑙( 𝑧 = 𝑙 )                                       (17) 
𝐼𝑐 = 𝐼𝑖 + 𝐼𝑙( 𝑧 = 𝑙)                                                      (18) 















































}                                                                                       (20) 
Matrix Equation set consisting of four qualitative Equations describes four current 
pathways: (1) In matrix M, the equation coefficients of four unknown constants are listed, 
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these four constants are A, C, D, Vi respectively;(2) In matrix Y, the right-side value are 
listed as above. 
A, C, D and Vi are obtained by equation (21). 
{𝐴 𝐶 𝐷 𝑉𝑖} = 𝑀
−1𝑌                                                                  (21) 
The yielded solution to this ordinary differential equation is quite complicated, therefore 
MATLAB matrix symbolic differential equation solver is utilized to obtain the resultant 
value: 
The resultant A constant is a huge block of measurable morphological parameters and 
electrical properties of cells and electrodes. To simplify constant A, a set of constants that 






  = −1 + 𝑒𝑙; 
  = −1 + 𝑒𝑤; 
  = 1 + 𝑒2𝑙; 
  = −1 + 𝑒2𝑙; 
  = 2ℎ𝐿𝑍𝑛𝑒
𝑙; 
 












+𝑙𝐿𝑠𝑖𝑛ℎ(𝑤)𝑅𝑏(1 − 𝑍𝑏)(𝑍𝑏 + 𝑍𝑛) + 𝑒
𝑙(1 + 𝑒𝑤)𝑍𝑏
2𝑍𝑛
+2𝑅𝑙 (−𝑍𝑛 + 𝑍𝑏




The working electrode terminal current, also the overall current is obtained by integrating 
equation (1), from 0 to 
𝑊
2
. Due to the symmetrical distribution of current, factor 2 is added 
in front of the Equation to get overall value. 


















    (23) 
Therefore, total impedance that is directly tested can be described as Equation (24). 
                                                             𝑍𝑐 =
𝑉𝑐
𝐼𝑐𝑡
                                                              (24)                                                                  
Therefore, the ultimate formula characteristically for Hk-2 cell that can be curve-fitted with 
impedance raw data obtained, two important time-varying parameters of interest are h and 
Rl, first of which varies as cells are stripping off from substrate due to cell apoptosis, while 
Rl changes as a result of compositional protein strands disintegration or time-varying 
composition of different proteins in tight junction induced by the regulation of messenger 
proteins. 
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2.4 Equivalent Circuit Model Derivation 
 
Figure 4 (a) Simplified equivalent circuit model of impedance of the cell-covered electrode 
(Zc). The impedance response to paracellular or transcellular current is described with 
resistors or capacitors respectively. In particular, Rg is essentially resistance of the cell-
substrate gap medium. (b) Current flow patterns on the working electrode. There are four 
modes of current in protein coating layer: one passes through protein coating layer from 
working electrode; other three pathways are cellular: one transcellular pathway and one 
paracellular pathway and one mixed way on which the current first travels through cell-to-
cell junction void and gets through lateral membrane before hitting tight junction.(c) 
Equivalent circuit model of system impedance without cells. Rs is the resistance of bulk 
solution and the wire connection. The capacitance of laminin layer is represented by Cp 
and ZCPE stands for non-ideal capacitive response of the uncovered electrode surface and 





Equation (21) is defined to represent the total impedance of whole circuit elements when 
no cell is seeded on electrode wafer; In Equation (22),  𝑍𝑟𝑡 stands for the element circled 










                                                       (25) 







                                                                   (26) 
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Electric cell-substrate impedance sensing (ECIS) was originally developed by Giaever and 
Keese [7] to assess barrier formation and cell motility using a pair of gold microelectrodes. 
The main functionality of this technique is translating time-varying hidden physiological 
signals into electrical domain. The whole testing setup is elaborated in their research. On 
basis of the creation of mathematical model of cell and current pathways, optimum 
electrode arrangement should be derived to make background noise brought by EDL be 
possibly lower under control. More importantly, how current passes in the presence of cells 
are explored and discussed to make sure the simulation results are compatible with derived 
model. 
2.5 Wafer Fabrication Protocols 
Planned wafer fabrication protocol is illustrated in Figure 5. Even actual wafer is not 
fabricated. This protocol needs to be introduced for justification of geometric build-ups in 
COMSOL simulation [10]. 
A glass slide will be chosen because it has lower substrate capacitance which is the major 
source of background noise, a chromium layer (125 Å) will be first deposited in thermal 
evaporation for the sake of better adhesion before gold layer (200 nm) will be deposited 
above chromium layer. The electrodes and their traces (200 m wide) will be subsequently 
defined in a lift off process, then SiO2 and SiNx will be deposited with magnetic sputtering 
to form an insulating layer 1200 Å thick. The next step will be exposing electrode planner 
surfaces by ion etching process. Finally, electroplated gold will be formed to fill the 
exposed area until the border of electrodes are aligned with insulating layer.  
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3. Simulation of Electrode/Electrolyte Interface 
3.1 Introduction 
3.1.1 Electrolyte-Electrode Interface Electrical Double Layer 
In the presence of metal plane alone or with applied voltage, negatively charged particles 
are attracted and form a monolayer. Accordingly, a monolayer of its counterpart, positively 
charged ions, also forms with the Coulomb force, electrically screening the first layer, stern 
plane, normally on the order of a few Å. Within stern plane, it can technically be viewed 
as an ideal capacitor. Therefore, electrical potential drops linearly within this regime just 
as it does in ideal capacitor. Further from electrode planner surface, in negatively charged 
diffuse layer, theoretically a transitional regime, the concentration of both negatively 
charged ion and positively charged one increase gradually from bulky medium area to 
borderline of stern layer. According to Nernst-Planck poisson relation, electrical potential 
decreases exponentially as it shows in equation (23) and (24) (R is gas constant; Zi is 
valence number of elements; F is faraday constant; 𝐶𝑖
 is bulky concentration of species 
involved; 𝑁𝐴 is Avogadro constant;  is the applied voltage on the planner surface.) Debye 
length is a characteristic length that can be calculated when knowing bulky concentration 







                                                               (27)  
(𝑍) = 𝑒
−𝑍
−1                                                                         (28) 
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This trend continues until electrical potential plunges to zero in bulky medium or on 
counter electrode surface area. 
 
Figure 6 (a) schematic graph of electrical double layer which is essentially two layer of 
ions and counterions that are formed under the equilibrium of electrical potential and 
osmotic pressure.(b) Line graph of electrical potential versus distance from electrode 
surface; three characteristic regimes are defined: stern layer, negatively charged diffuse 
layer, bulk of liquid. 
 
 
3.2 COMSOL Capacitance Characteristic Derivation 
Theoretically, the shape of Nyquist plot (the plot of impedance imaginary part versus real 
part) should be a vertical line because resistance does not change with increasing terminal 
frequency. However, previous experiment conducted by other researchers shows it is 
actually a straight line with steady slopes without any other any other complications such 
as faradaic reactions. This indicates a loss of pure resistor and capacitor ideality. Instead, 
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this behavior is explained by the term of constant phase element (CPE) whose impedance 
Z is given by (29). 
𝑍 =  𝑅𝑠 + 𝑄
−1(𝑖)−                                                  (29) 
According to the result of Koichi Aoki [12], this CPE impedance behavior shows terminal 
frequency dependence that is described by Equations (30) and (31). 
𝐶 = 𝐶𝑓=1𝐻𝑧𝑓
−                                                       (30) 











                                                               (32) 
Noticeably,  is a coefficient constant describing this frequency dependence in the simplest 
case,𝑑𝐶 ⁄ 𝐶 = − 𝑑𝑓 ⁄ 𝑓. This constant is always smaller than 1 due to intrinsic properties. 
In the COMSOL simulation carried out, a random value of , 0.06 is chosen in the setup 
for just qualitative researches, Equation (30) and (31) are used for characterizing double 
layer impedance in the physics modules 
 
3.3 Capacitance Determination 
Due to complexity of HK-2 cell culture medium and the presence of faradaic reactions of 
some ions [13], it will be way too difficult to use HK-2 cell culture medium to be the 
simulated target. Thus, for simplification of COMSOL model, PBS buffer solution is 
selected and all ion species in it are all included in following analysis. normal PBS buffer 
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solution properties are referred for setting up simulation physics. The steps of preparing 
this PBS buffer are as follows: 
Start with 800Ml of distilled water. 
1. Add 8 g of NaCl. 
2. Add 0.2 g of KCl. 
3. Add 1.44 g of Na2HPO4. 
4. Add 0.24 g of KH2PO4. 
5. Adjust the PH to 7.4 with HCl. 
6. Add distilled water to a total volume of 1 liter. 
Table 2 Different ions in PBS buffer and corresponding bulky concentrations; the last row 
shows an important mathematical formula for calculating Debye length. 














According to table 2 and equation (27,32), Debye length of EDL in this solution is 
calculated to be 9.6631 × 10−10𝑚 ; and corresponding capacitance is 12.462 F/m².   
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4. Using COMSOL Multiphysics 
4.1 Simulation 1: Impedance Contribution of EDL  
4.1.1 Design of Electrodes 
4.1.1.1 Geometry Setup 
In the first part of simulation, only electric current physic module is selected to model the 
simulation. Thus, there is no Multiphysics coupling. Impedance contribution of electrical 
double layer (EDL) over the whole frequency range (100Hz to 1MHz; 5 steps per decade; 
10mV) is simulated under the temperature of 310.15 K (human body temperature) and 
plotted since it is the major source of background noise that affects successful monitoring. 
In the simulation, three circular working electrodes (WE) are placed in columns being in 
parallel with a rectangular counter electrode whose area is 10 times as large as three WE 
combined, which is depicted in figure 7. This is by default to make sure that enough area 
for taking anodic currents is provided. Three WE-setup choice is made because it is 
smallest repetitive unit that can indicate how electrical fields from each WE can affect or 
overlap with each other if we have many WEs lining up in actually fabricated 
microelectrode wafer chip [14]. 
There are four different designs in the first simulation aiming at analyzing the impedance 
contribution of EDL listed in table (2). Empirically, the area of CE should be at least 10 
times as large as that of WEs to make sure enough space for holding anodic current. 
Therefore, obviously the width of CE is calculated by tenfold area of WE divided by the 
fixed length. Besides, the spacing between adjacent WEs is 1250 m and distance between 
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WE center to CE midline is fixed at 2750 m. One more domain is placed over wafer to 
represent PBS medium and its necessary physical properties, such as relative dielectric 
constant and electrical conductivity, are looked up on literatures. 
Table 3 Four designs of electrode- configurations with increasing dimensions but same 
geometry. 
Design Diameter of WE (m) Width of CE (m) Length of CE (m) 
1 300 430 5000 
2 500 1200 5000 
3 800 3000 5000 




Figure 7 General electrode arrangement in COMSOL simulation(a) the top view of 
electrode wafer in COMSOL geometry. (b) Zoom-in side view (xz plane) of electrode 
wafer. (Gold electrodes are perfectly embedded in glass wafer with top surface aligning 
with that of glass wafer.)  
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4.1.2 Boundary Conditions 
To conform to electrode wafer fabrication protocols, as exposed electrode area voids are 
filled by electroplated gold to form perfect aligned surfaces, the boundary on the surface 
of wafer with electrodes planner surface boundaries excluded, is electrically insulated as it 
is illustrated by the colored boundary in figure 8. Therefore, it is not necessary to add 
another laminated layer of insulating material in the geometry tab. 
To avoid the terminal voltage source being overridden by contact impedance charactering 
electrical double layer properties, whole domains are selected to be the voltage source, 
terminal type: Voltage and 0V, 10mV are respectively assigned to counter electrode and 
working electrodes. But it indicates the impedance contribution of gold electrodes per se 
has to be ignored. However, it is technically plausible because only the contribution of 
electrical double layer is discussed in this section. Thus, neglecting an impedance part does 
not bring up profound influence on qualitative assessment of EDL impedance contribution. 
 
Figure 8 The boundary 
colored by purple is 
electrically insulated; 
Three circular electrodes 
are working electrodes; 
the rectangular one is 
counter electrode; the 
circled area is 
surrounded by PDMS 
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Besides the boundary depicted above, any other boundaries on side planes of whole 
domains are also supposed to be electrically insulated as thermally solidified PDMS walls 
are formed to surround the area circled by orange lines in Figure 8. 
In terms of characterizing EDL, contact impedance tab is chosen as surface impedance, 
one available types of layer specification, can help with characterizing frequency-
dependent resistance as well as capacitance. In this case, it is assumed that capacitance 
under AC with frequency of 1Hz equals the one under DC. As it is described in equation 
(33). 
𝐶𝑓=0𝐻𝑧 = 𝐶𝑓=1𝐻𝑧 =
𝐴
0.1−1
.                                             (33) 
0.1 is the proportional constant of stern layer thickness over Debye length which is obtained 
by equation (27) and the data in table (2). 
 
4.1.3 Simulation Result  
4.1.3.1 Electrical Field and Current Distribution  
The electric field in simulation result is depicted in figure 8(a), this is the result of design 
(1). Red arrows in the figure show the direction of electric field in the domain. From this 
depiction, neighboring WEs do not disrupt the even distribution of each other that much. 
The maximum potential area is obviously at WE terminal area (10mV) and it drops 
gradually to 0 at the borderline of CE.  
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According to figure 9 (b), Most dense currents pass at the borderline facing each other of 
WE and CE. Highest current density is found at the corner of CE.  
Figure 9 (a) electric field distribution of design (1), red arrow stands for field direction;(b) 
electric current distribution of design (1). 
 
4.1.3.2 Impedance Contribution Analysis 
Figure 10 shows the bode plot for 4 electrode configurations. It is observed that, for all 4 
designs, as terminal frequency increases, the overall impedance shows very slight 
downward trend. When frequency reaches to over 1000 Hz, higher slope of the decreasing 
line is shown and this tendency does not cease until frequency goes to highest designated 
level (1MHz). The total impedance includes impedance of electrolyte and EDL. The 
contribution of polarizable electrode is excluded because the whole terminal domain is set 
as uniformed electrical voltage (10mV).  
 
- 26 - 
Compared to any other designs, design 4 shows lowest impedance level over the whole 
range compared to any other designs. This is theoretically correct as polarizable impedance 
of electrode is inversely proportional of the area of electrodes [15]. For resistance part, 
larger size electrode gives charged particles wider space of pathways thus wider electrode 
increases overall electrical conductivity. Also, larger size electrode surface holds more 
charged particles forming electrical bilayer which exhibits capacitance. According to 
inverse-proportional relationship of it to capacitive impedance, lower imaginary 
impedance is expected. However, it does not necessarily mean that extremely large-size 
electrode configuration is desired. According to previous researches, incoherent test results 
are expected due to defects and contamination induced by relatively high surface area. Thus, 
circular WE whose diameter is under 1000 microns is suggested [16]. In this case, design 
3 (diameter 800m) is selected for further simulation regarding to sensor sensitivity to 
important cell physiological variations.  
In terms of phase angle, there is a similar trend of it for all 4 designs, soaring during 
intermediate frequency range and satuarating at 0 degree at higher frequency (over 1 MHz). 
All these results above coincide with those of previous researches  by Rangadhar Pradhan 
[10]. 
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Figure 10 Bode plot of simulated results of overall impedance and phase angle consisting 
of EDL and PBS medium. Impedance data curve corresponds to left side vertical axis; 
phase angle data are scaled by right side vertical axis. 
 
4.2 Simulation 2:  Sensor Sensitivity  
4.2.1 Geometry Setup 
Based on the geometrical setup in previous simulation 1, a monolayer of cubic cells and 
tight junction represented by web-like structure residing on space between neighboring 
cells is created 10 microns above electrode wafer. Due to precision limitations of 
AUTOCAD and COMSOL, cell models with side length of 20 m cannot be built in such 
a multitude that could cover area of interest. Moreover, surface size of tight junction is also 
10 times enlarged (width 20 m) to make sure meshing is successful and more importantly, 
enlargement of overly tiny part is helpful for qualitative analysis in which this tiny part is 
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created and used in simulation. Other structures are also enlarged correspondently 10 times 
as large as before. For electrode wafer, previous design 3 (diameter 800 m, WE-to-CE 
spacing 1300 m) is reset to be design 7 for simulation 2. Other designs are design 5 
(diameter 800 m, WE-to-CE spacing 750 m), design 6 (diameter 800 m, WE-to-CE 
spacing 1000 m), design 8 (diameter 800 m, WE-to-CE distance 1500 m) and special 
design 9 (double layer structure with WE on bottom wafer and CE on top facing each other 
with aligned center points; liquid thickness 300 m.) shown by figure 12. In this design, 
direct current pathways have less irrelevant components involved, thus presumably 
exhibiting higher sensor sensitivity. Furthermore, Current pathways in design 9 conform 
perfectly to previously derived ECIS model. Design 5-8 guarantee the ease of fabrication 
because WE and CE are on the same plane of one glass wafer. While design 9 is designed 
to explore the possibility of high sensitivity regardless of fabrication difficulty. 
 
Figure 11 geometrical setup for COMSOL simulation 2. (a) cell monolayer residing on 
microelectrode wafer. (b) Zoom-in view of cell monolayer. Cubic geometric entities are 
cells and web-like structures stand for tight junction.  
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Figure 12 various views illustrating design 9. (a) ZY-plane view of cell monolayer and 
double layer wafer configuration. (b) top view of cell monolayer with top wafer hidden. (c) 
current density distribution at frequency of 1MHz. (d) current density distribution at 
frequency of 1 MHz without cell monolayer. 
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4.2.2 Material Physical Properties  
The reason why gold and glass are selected for the materials of wafer is that gold is perfect 
electrical conductor and glass substrate can minimize surface capacitance thus decreasing 
background noise at first step of material selection. [15] All these material properties are 
referred from online data that are all in direct access. But the properties of cytosol and tight 
junction are quoted from the measurements of previous researches [16]. There might be 
deviation from proper values for cytosol and tight junction. But these deviations are 
insignificant in this qualitative research looking for the general trend of how sensor 
sensitivity varies as WE-to-CE distance changes. What they actually impact is the current 
density distribution in the simulation results. In detail, higher current density may be 
observed in TJ or cell body according to lower or higher value of TJ electrical conductivity. 
 
Table 4 Material species involved in SOMSOL simulation geometrical entities and their 
physical properties that are user-defined. 
                          Materials 
Properties 
Glass 
(quartz) Gold PBS cytosol 
Tight 
Junction 





4.11 × 10−14 2 × 10−5 0.53 0.3 
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4.2.3 Model Justification 
Similarity in the shape of phase angle plot curve of experiment results obtained by Y. Wang 
[14] and simulation 2 results give some credits to this model. In theory, the reason for the 
ramp-up of the phase angle at higher frequency (around 100KHz) is that at higher 
frequencies, high-speed kinetics of charged particles induces polarization, making more 
imaginary part contributed in the overall impedance. This effect is counteracted at higher 
frequencies.  
In figure 13 (b), this trend starts to show at the frequency of 10 KHz, which is very close 
to the results shown in figure 13 (a). This fact indicates that the polarization-induced 
imaginary impedance has something to do with frequency dependence of EDL capacitance 
and resistance. In other words, this model successfully included important properties of 
EDL and its interactions in the presence of cell membranes.  
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Figure 13 (a) Bode plot of the 
electrochemical impedance spectra for the 
bare gold microelectrode, protein A 
modification, antibody immobilization, 
BSA blocking, and E. coli O157:H7 (800 
cells per 20 μL) binding in the frequency 
range from 1 Hz to 1000 kHz. The data 
points from left to right correspond to 
increasing frequency. Voltage amplitude 
is 100 mV. (Y. Wang, et al., 2010) (b) 
Bode plot of phase angle of design 3 with 
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4.2.4 Boundary Conditions 
Physiologically, Human renal epithelial cell, as any other cell species, has bilayer lipid on 
the surface which essentially behave like ideal capacitor. Therefore, contact impedance 
(thin layer 5nm) is set on all surfaces on those cubic entities. Electrical conductivity is 
defined to be 0 because ideal capacitor does not have conductivity under direct current. 
Relative permittivity is defined manually to be 2.257 × 109 . This value is calculated 
according to information looked up in online literature [16]. In the literature, the membrane 
capacitance is measured and the cell size is also stated. Thus, relative permittivity of lipid 
bilayer is calculated. Apart from this, other boundary conditions remain the same as the 
ones in simulation 1(Figure 10). 
4.2.5 Theoretical Analysis of Sensor Sensitivity  
Sensor sensitivity shown by equation (28) is defined to describe how much the overall 
impedance changes before and after cell monolayer is formed. The higher the sensor 
sensitivity is, the easier and more accurate would parameters of interests be. 
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦(𝑓) = (|(𝑍𝑐𝑒𝑙𝑙−𝑓𝑟𝑒𝑒 − 𝑍𝑐𝑒𝑙𝑙−𝑓𝑜𝑟𝑚𝑒𝑑)/𝑍𝑐𝑒𝑙𝑙−𝑓𝑟𝑒𝑒|)𝑄𝑐𝑒𝑙𝑙
−1                      (34) 
Impedance contribution of protein layer is omitted to simplify the overall formula of 
sensitivity because it does not bring any influence on the qualitative analysis of sensitivity. 
Similarly, Rs and Rg stands for liquid medium and cell-to-substrate resistance. In equation 
(36), Rs is replaced by Rs’ because after cell monolayer is formed, shorter pathway along 
liquid medium is covered as previous position is occupied by cell monolayer, thus liquid 
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medium resistance changes accordingly. 





















Figure 14 Simplified equivalent circuit model for 
COMSOL simulation analysis (a) model after cell 
reaches to confluence on electrode. (b) model 
without cell monolayer involved. 
 
   
 
To better analyze the relation of sensitivity and CE-to-WE distance [12], equation (34) 
should be expanded by incorporating some intrinsic relations between resistance, 
capacitance and electrode area and CE-to-WE spacings. For both cases, cell-covered and 
cell-free, RTJ, Rs, Rg are all inversely proportional to cell area, while Cc and CEDL are 
proportional to it. Moreover, Rs and Rs’ are proportional to L (CE-to-WE distance). 
Accordingly, 𝑅𝑇𝐽 = 𝐾1𝐴
−1; 𝐶𝐸𝐷𝐿 = 𝐾2𝐴; 𝑅𝑆 = 𝐾3𝐴
−1𝐿; 𝑅𝑔 = 𝐾4𝐴
−1; 𝐶𝑐 = 𝐾5𝐴; 𝑅𝑆
′ =
𝐾6𝐴
−1𝐿; 𝑅𝐸𝐷𝐿 = 𝐾7𝐴
−1. Combining equations (30), (31) and (36), (30): 
 









−1                                 (37) 
To analyze the mathematical relationship between L and sensitivity, Equation (31) need to 
be simplified by converting parts irrelevant to L to constants. Namely, 𝑄𝑐𝑒𝑙𝑙
−1  remains same 
as L changes, Ki and  are all proportional coefficients and positive. Thus, simplified 





−1                                               (38) 
According to equation (32), sensitivity decreases as L increases. Therefore, electrode 
configuration with smaller CE-to-WE distance gives higher sensitivity. Apart from any 
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5. Results and Discussion 
5.1 “Read-Out Area” 
For design 5-8, the results of COMSOL simulation indicates that most current do not pass 
through the cell residing right above working electrode. Higher current density is observed 
in the area between working electrode and counter electrode where cells and tight junction 
are effectively monitored. This area is defined to be “read-out” area [17] beyond which 
physiological parameters of cell cannot be perceived by sensor. 
 
Figure 15 (a) current density distribution in the domain of design (7) at frequency of 106 
Hz. (b)side view of cell monolayer. (c) zoom-in view of xz-plane, red arrow indicates the 
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5.2 Sensor Sensitivity  
Based on fact that impedance spectrum in Nyquist plot over whole frequency range is 
needed for EIS to calculated overall impedance which is subsequently fitted with 
equivalent circuit model. Therefore, discussion on sensitivity on different frequency range 
is not important in this case. While for ECIS, higher frequency range (over 0.1MHz) is 
desired as sensor sensitivity significantly increases when frequency ramps up to over 
100KHz. In this case, highest possible device frequency is tuned based on device 
functionality limitations. 
As it is shown in figure 16, there is no evident difference of sensitivity between four designs 
under the frequency of 100 KHz, which might be overly high. According to other 
researches, high sensitivity testing window starts at the frequency of 10 KHz. This 
discrepancy might stem from overly high estimated value to relative permittivity assigned 
to surface impedance on cell surfaces. But it does not interfere much on the qualitative 
analysis of how sensor sensitivity varies as WE-to-CE distance changes. Differences can 
still be identified at higher frequency regime (over 200 KHz). Design 5 (distance 750m) 
shows highest sensitivity over the whole range. Similarly, as previous theoretical analysis 
predicted, higher WE-to-CE distance shows lower sensitivity. However, the difference is 
way too small. Larger deviation between each other is supposed to be much more 
noticeable. Theoretically, this might be the result of 10 times larger-sized geometric entities 
used in COMSOL simulation. In other words, if the distance increment is also 10 times as 
large, higher discrepancy between each group would be shown. 
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Figure 16 Sensor sensitivity of four different designs over whole frequency. Four sets of 
data are illustrated by dashed lines with different cap fineness. 
 
However, such large geometric entities cannot be built due to device limitation. Instead, 
smaller-sized cell model (side length 100 m) are created and placed exactly where larger 
cell entities are laid. Thus, much more geometric entities (more domains, boundaries, edges, 
points) comes into being. To save simulation calculation time and memory, work plane is 
built on the mid-plane of whole domain to create a symmetrical geometry. Therefore, only 
half amount of calculation is done. Moreover, whole cell monolayer and its tight junction 
should be selected and united as a unit to avoid being treated like multitude of individuals. 
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Figure 17 Sensor sensitivity of five different designs with smaller-size cell models over 
whole frequency range. Four sets of data are illustrated by dashed lines with different cap 
fineness. 
 
In figure 17, it is shown that design 9, although shows little improvement of sensitivity on 
low and medium frequency range, exhibits noticeable increment over higher range (above 
200KHz). There is over 30% higher increase at the frequency of 1MHz. 
Overall, apart from fabrication ease, design 9 shows higher sensitivity than any other 
normal designs. This simulation results suggest that design 9 shall be fabricated and need 
to be compared with experimental results on it to justify its validity. For design 1-8, despite 
of cell model size, simulation results indicate that the smaller WE-to-CE distance is, the 
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However, it does not essentially mean that extremely smaller WE-to-CE distance is desired. 
At least gap distance that can accommodate 1-2 rows of cells is needed to make sure 
complete cell structure is under real-time monitoring. Therefore, for authentic cell size 
(20m side length), the optimum WE-to-CE distance should be around 20-40m. 
 
Figure 18 Sensor sensitivity of five different designs with smaller-size cell models over 
whole frequency range. Four sets of data are illustrated by dashed lines with different cap 
fineness. 
 
Compared with larger-sized model, more evident variation of sensitivity between different 
designs is witnessed. But the general trend, smaller WE-to-CE distance gives higher 
sensitivity remains unchanged. It proves that qualitative analysis can rely on larger-sized 
model as cell size does not disrupt general trend. Plus, design 9 still ranks highest on sensor 
sensitivity as it shows in Figure 18. Therefore, the conclusion of qualitative analysis on 
how WE-to-CE distance changes sensor sensitivity is that smaller WE-to-CE distance gives 
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be monitored accurately. And it can be predicted that if cell model (side length 20m) is 
used, sensor sensitivity would be higher therefore this trend will be more noticeable. This 
is might due to more geometric entities in the system contributing more impact on overall 
impedance measurement. 
The most valuable result of this research is the creation of this COMSOL model according 
to the physics and morphology of microelectrode wafer. Other qualitative analysis can be 
conducted using this model. However, Optimization of this model need to be carried out 
by considering other ignored components that should be ignored due to model 
simplification. Namely, fringe effect, faradaic current, impedance contribution of diffuse 
layer should be discussed. More precise model describing the dynamic equilibrium of 
charged particles shall be derived. 
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6. Future Work 
6.1 Electrode Pair Spacing  
Previous researches carried out by Wenbin Tian [17] shows electrical field is severely 
distorted if neighboring electrodes are too close due to fringe effect. It might make actual 
current pathways deviate from how they are meant to be. And simulation results of sensor 
sensitivity would poorly coincide with experimental results if fringe effect is not 
considered. Thus, the COMSOL geometry similar to Figure 9 (a) can be explored. The 
minimum spacing between neighboring WE should be the one when distortion of electrical 
field starts to be shown. Thus, Future works such as simulation of fringe effect [18,19] are 
waiting to be solved.  
6.2 Superior COMSOL Physics Model Proposal 
In the conducted research, most complex effects, such as faradaic reaction is ignored. Most 
ions in culture medium can be oxidized or reduced on the surface of microelectrode. 
Electrons involved in this process come through electrical double layer and help the 
reaction take place at almost the border of Helmholtz layer. Therefore, faradaic current 
impact the overall impedance value measured more or less based on particular cases. 
Simulation model considering faradaic reaction on electrolyte-electrode interface should 
also be derived to improve the validity of model because there are indeed many oxidizing 
and reduction reaction happening on electrode surface such as the reduction of Fe3+ or 
oxidization of protein Equational groups [20]. 
 
- 43 - 
To meet this requirement, physics modules that allow analysis on transmission of charged 
particles are desired. 
6.2.1 Module Introduction 
In COMSOL Multiphysics, electrostatics and transport of diluted species, which can be 
coupled, are proposed to simulate this problem. 
Under alternating electrical field, the electrical double layer is switching alternatively [21]. 
This is a complicated kinetic equilibrium. In this situation, transfer of charged particles is 
the result of mutual effects of concentration gradient and electrical field. Therefore, 
modified Fick’s law in which both the effect of concentration gradient and attraction or 
repulsion of electrical field are considered is used to describe the movement of charged 
particles. And this feature is characterized in transport properties tab (Transport of diluted 
species) as shown in equation (39,40). u is velocity field; Ri is concentration of species 
passing through unit surface per second. 
•𝐽𝑖 + 𝑢 •𝑐𝑖 = 𝑅𝑖                                                      (39) 
    𝐽𝑖 = −𝐷𝑖•𝑐𝑖                                                               (40) 
Basically, transport of diluted species simulates the movement and instantaneous 
concentration of particle species; In Electrostatics, the circuit terminals are set and defined. 
To characterize EDL properties on the surface of electrode, equation (41) describes how 
EDL capacitance is obtained. dQ is calculated by integrating instantaneous concentration 
over the planner surface of electrode. dV will be automatically calculated by COMSOL in 
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                                                                (41) 
Thus, a complete circuit is built.  
Whereas, instead of frequency domain, this study becomes time dependent. But the time 
cost to come to an equilibrium should be in the order of micro-seconds. To obtain the plot 
of impedance versus frequency, parametric sweep is used. Only the impedance value when 
the system comes to equilibrium is solid for subsequent data assembly. This method is 
quite time consuming but should be offering informative and most justifiable results 
because it simulates the actual kinetic equilibrium of EDL under AC with transport of 
charged particle involved. 
The obstacle of this model creation is that contact impedance tab is not offered in 
electrostatics physics module. While electric current physics module cannot be coupled 
with transport of diluted species. To overcome this, either alternative physics module is 
found to be coupled with transport of diluted species or contact impedance tab is substituted 
by another tab that can characterize EDL properties.  
In a word, a model that describes dynamic equilibrium of charged particle bilayer at 
different frequencies is more reliable.  
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